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Summary
During meiosis, sequential release of sister chromatid
cohesion (SSC) during two successive nuclear divi-
sions allows the production of haploid gametes from
diploid progenitor cells. Release of SSC along chro-
mosome arms allows first a reductional segregation
of homologs, and, subsequently, release of centro-
meric cohesion at anaphase II allows the segregation
of chromatids [1–3]. The Shugoshin (SGO) protein
family plays a major role in the protection of centro-
meric cohesion in Drosophila and yeast [4–12]. We
have isolated a maize mutant that displays premature
loss of centromeric cohesion at anaphase I. We showed
that this phenotype is due to the absence of ZmSGO1
protein, a maize shugoshin homolog. We also show
that ZmSGO1 is localized to the centromeres. The
ZmSGO1 protein is not found on mitotic chromo-
somes and has no obvious mitotic function. On the ba-
sis of these results, we propose that ZmSGO1 specifi-
cally maintains centromeric cohesion during meiosis
I and therefore suggest that SGO1 core functions dur-
ing meiosis are conserved across kingdoms and in
large-genome species. However, in contrast to other
Shugoshins, we observed an early and REC8-depen-
dent recruitment of ZmSGO1 in maize, suggesting
that control of SGO1 recruitment to chromosomes is
different in plants than in other model organisms.
Results and Discussion
Isolation of Maize zmsgo1 Mutants
Among maize lines carrying highly active Mutator (Mu)
transposons, we isolated a sterile mutant, mtm99-31,
in which centromeric cohesion is released precociously
before metaphase II, as was previously observed in
Drosophila mei-S332 and yeast sgo1 mutants [4–9, 13].
As has also been shown in fission yeast and Arabidop-
sis, in maize we identified two Shugoshin-like genes,
which we called zmsgo1 and zmsgo2 ([6, 8], Supple-*Correspondence: zcande@berkeley.edumental Experimental Procedures in the Supplemental
Data available with this article online). We further ana-
lyzed the zmsgo1 gene as it mapped to the same bin
(7.02) as the mtm99-31 mutation (Figure S1A, Supple-
mental Data). Sequence analysis showed that a Mu1
transposon is inserted in the first exon of the zmsgo1
gene after the ATG start codon (Figure 1A; Figure S1B,
Supplemental Data).
To confirm that the Mu insertion in the zmsgo1 gene
is responsible for the mtm99-31 phenotype, we
searched the trait utility system for maize (TUSC) pop-
ulation for additional Mu-insertion mutations in zmsgo1
[14, 15]. We isolated one family segregating a pheno-
type very similar tomtm99-31 (Figure S2). We called the
mutant line zmsgo1-2. With polymerase chain reaction
(PCR), we showed that a Mu transposon is inserted in
the donor site of the first intron of the zmsgo1 gene in
zmsgo1-2 (Figure 1A; Figure S1C, Supplemental Data).
On the basis of these results and the immunolocaliza-
tion presented in the following section, we concluded
that we cloned the zmsgo1 gene. Therefore, we re-
named mtm99-31 “zmsgo1-1.”
Reverse transcriptase PCR (RT-PCR) with primers in
the 5# region of zmsgo1 revealed a high level of expres-
sion in tissues containing meiocytes and a significantly
lower expression level in leaves and pollen-containing
flowers (Figure 1B, Supplemental Data). As expected,
no transcript was identified in the zmsgo1-1 mutant by
RT-PCR with primer genes in the 5# region (Figure 1B).
As observed for other maize meiotic genes like phs1 or
afd1/zmrec8, zmsgo1 gene expression is not entirely
meiosis-specific, although the zmsgo1 phenotype is re-
stricted to meiocytes ([16]; I.G., O.H., D. Braun, R.M.,
and W.Z.C., unpublished data).
ZmSGO1 Localizes at Centromeres during Meiosis I
To investigate the localization of the ZmSGO1 protein
during meiosis, we carried out immunolocalization
studies in wild-type meiocytes by using an antibody
raised against the last 15 amino acids of ZmSGO1 and
a CREST antibody [17]. We observed a colocalization
of both signals, demonstrating that ZmSGO1 localizes
to centromeres (Figure 1C). However, ZmSGO1 pattern
was broader than the CREST signal and showed that
ZmSGO1 is localized to both the centromere core and
the pericentromeric regions (Figure 1C). As shown pre-
viously in yeast, REC8 enrichment at the pericentro-
meric regions is crucial for preserving centromeric co-
hesion through meiosis I (MI) [18].
Using staging criteria that were described previously
[19–21], we further investigated the presence of ZmSGO1
at different stages of meiosis. No staining was detected
at interphase (Figure 2A). From leptotene to metaphase
I, seven to ten ZmSGO1 foci per meiocyte were
counted, as was expected given that maize contains
ten chromosomes (Figures 2B–2F). To check when
ZmSGO1 is loaded on chromosomes, we monitored
ZmSGO1 immunostaining in the am1-praImutant back-
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(A) Position of the Mu insertions in mtm99-31/zmsgo1-1 and
zmsgo1-2 in the zmsgo1 gene.
(B) RT-PCR analysis of the zmsgo1 gene: in ear at meiosis stage,
in leaves from 21-day-old plants, in old tassel containing pollen, in
tassel at meiosis stage, and in mtm99-31/zmsgo1-1 tassel at
meiosis.
(C) Immunolocalization of ZmSGO1 (green) and CREST (blue) in
wild-type meiocytes at pachytene stained with DAPI (red). The
scale bar represents 5 m. Results are representative of at least
25 meiocytes.ground, in which meiosis is arrested at the leptotene
stage [22]. ZmSGO1 staining was observed in am1-
praI, as on wild-type leptotene chromosomes (Figure
2H). During zygotene, centromeric and knob hetero-
chromatin display a more elongated shape than at
pachytene [19, 23]. A similar behavior was observed
for the ZmSGO1 signal (Figures 2B and 2C). Fusion of
centromeres, as revealed by the ZmSGO1 staining, was
frequent at pachytene (Figure 2C). The ZmSGO1 signal
intensity decreased at diakinesis (Figures 2D and 2E).
At metaphase I, ZmSGO1 foci positions were correlated
with centromere positions and spindle attachment
points (Figure 2F). At telophase I and during the second
meiotic division, the ZmSGO1 signal was no longer de-
tectable (Figure 2G). These data are consistent with the
idea that ZmSGO1 is only required for the protection of
REC8 during meiosis I.
No staining on the chromosomes was observed in
the tapetal cells that undergo mitosis (Figure 2P).
ZmSGO1 is thus restricted to meiotic cells and in this
respect is different from budding yeast SGO1 and fis-
sion yeast SGO2 [6, 8, 9].
In zmsgo1-1 and zmsgo1-2, no ZmSGO1 staining
was detected during meiosis (Figures 2I–2O).Prophase I Events Are Not Affected
by ZmSGO1 Depletion
Immunostaining of ZmSGO1 in wild-type meiocytes re-
vealed a localization of the protein on the chromo-
somes as early as leptotene, a timing earlier than in
other organisms [6, 9, 24]. Therefore, it is possible that
ZmSGO1 has a prophase I function. We used three-
dimensional (3D) deconvolution light microscopy and
fluorescence in situ hybridization (FISH) to compare
zmsgo1-1 chromosome behavior to that of wild-type.
As in wild-type nuclei, at the leptotene-zygotene transi-
tion in zmsgo1-1, leptotene chromosomes formed,
FISH centromere foci elongated, and telomeres clus-
tered to one pole of the nucleus, organizing a structure
called the “Bouquet” (Figures 3A and 3D; [25]). At
pachytene in both zmsgo1-1 and the wild-type, homol-
ogous chromosomes paired, as monitored by the pres-
ence of a single 5S focus in the nucleus (Figures 3B
and 3E). At metaphase I, centromere foci were aligned
on both sides of the metaphase I plate in both the wild-
type and zmsgo1-1 cells (Figures 3C and 3F). Finally, as
monitored by transmission electron microscopy (TEM),
the extent of the synaptonemal complex was similar in
both the wild-type and the zmsgo1-1 mutant (Figures
3G–3I). On the basis of these observations, we con-
cluded that, although ZmSGO1 is recruited early to the
chromosomes, ZmSGO1 depletion does not affect
chromosome structure and behavior at prophase I and
metaphase I. The presence of ZmSGO1 earlier than dia-
kinesis could illustrate differences in the timing of cohe-
sion control in maize in comparison with other model
organisms. ZmSGO1 might also have a prophase I
function that we have not detected yet.
ZmSGO1 Is Not Required for Monopolar Orientation
of Kinetochores
We next used 3D deconvolution light microscopy and
FISH to characterize the chromosome segregation after
metaphase I in the zmsgo1-1 mutant. In zmsgo1-1 nu-
clei, in all the telophase I to prometaphase II meiocytes
studied, two 5S rRNA foci were always found in each
daughter cell, as observed in the wild-type, indicating
a proper disjunction of homologous chromosomes at
meiosis I (Figures 3N, 3O, 3Q, and 3R). Therefore,
ZmSGO1 is not required for the monopolar orientation
of kinetochores, and in this respect, ZmSGO1 behaves
at a functional level more like fission yeast SGO1 than
fission yeast SGO2 and MEI-S332 [6, 8, 9, 12]. Fission
yeast and maize rec8 mutant phenotypes are also very
similar at anaphase I, the first division being equational
in both mutants (I.G., O.H., D. Braun, R.M., and W.Z.C.,
unpublished data; [26]). The similarities between
zmsgo1 and sgo1 phenotypes are consistent with the
similar rec8 phenotypes in these organisms. This sug-
gests that rec8 in maize and fission yeast have retained
functions, such as regulation of kinetochore orientation
at MI, that have been lost in other organisms.
ZmSGO1 Specifically Protects Centromeric
Cohesion during Meiosis I
We used 3D deconvolution light microscopy, FISH, and
α-tubulin immunolocalization to monitor centromere
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950Figure 2. Immunolocalization Analysis of
ZmSGO1 in Wild-Type, zmsgo1-1, zmsgo1-2,
and am1-praI Cells
Partial projections of the cells are displayed
in order to better see chromosome structure
stained with DAPI (red) and ZmSGO1 stain-
ing (green). The scale bars represent 5 m.
Results are representative of at least 25 mei-
ocytes.
(A–G) Wild-type meiocytes are shown in the
following stages: (A) Interphase, (B) lepto-
tene-zygotene, (C) pachytene, (D) diplotene,
(E) diakinesis, (F) metaphase I, and (G) telo-
phase I.
(H) am1-praI meiocyte blocked at leptotene.
(I–N) zmsgo1-1 meiocytes are shown in the
following stages: (I) leptotene-zygotene, (J)
pachytene, (K) diplotene, (L) anaphase I, (M)
prophase II, and (N) anaphase II.
(O) zmsgo1-2 meiocyte at pachytene.
(P) Wild-type tapetal cells.cohesion and chromosome behavior after metaphase I
zin the zmsgo1-1 mutant. In wild-type meiocytes, chro-
mosomes displayed an X-shaped morphology, as a re- s
csult of the presence of centromeric cohesion (Figure
3J). In zmsgo1-1, no X-shaped chromosomes were ob- p
lserved (Figure 3N). To confirm this result, at telophase
I, we counted 7 ± 2 centromere foci in the wild-type b
pversus 13 ± 3 centromere foci in zmsgo1-1, showing
that in zmsgo1-1 most chromatids are individual (Fig- s
iures 3K and 3O). At prophase II, wild-type chromo-
somes still had an X shape, and centromere foci were c
tstill close to one another (Figure 3L). In contrast, indivi-
dual chromatids were present in zmsgo1-1 (Figure 3P). r
fMaintenance of centromeric cohesion until metaphase
II in the wild-type allowed the correct segregation of d
chromatids at anaphase II (Figure 3M). In zmsgo1-1, an
incomplete metaphase II plate was observed (Figure Z
T3Q). Single chromatids were observed easily at this
stage, and by using FISH we could see that the 5S t
ZrRNA locus was carried on two dissociated chromatids
(Figures 3Q and 3R). In zmsgo1-1, chromatids did not Z
ssegregate at anaphase II. At telophase II, chromatids
began to decondense and formed several independent v
inuclei (Figure 3S). Some chromatids did not move out
of the spindle midzone when the phragmoplast was r
oformed. Their presence interfered with the formation of
the cell wall separating the daughter cells (Figure 3T). H
dIn zmsgo1-2, a smear acetocarmine technique showed
that chromosome defects during meiosis II look similar f
pto the ones observed in zmsgo1-1. However, some
X-shaped chromosomes were observed at prophase II, c
(suggesting that zmsgo1-2 is a weaker allele than
zmsgo1-1 (Figure S2). dTo investigate further the segregation defects in
msgo1-1, we visualized the arrangement of the more
table kinetochore-associated microtubules by fixing
ells in a chromatin stabilizing buffer (buffer A, see Ex-
erimental Procedures) rather than a microtubule stabi-
izing buffer (see [27]). Most chromatids are attached to
oth poles of the spindle, in a merotelic configuration,
reventing them from properly segregating to either
pindle pole (Figures 3U and 3V). As cells progressed
nto cytokinesis, the phragmoplast formed and many
hromatids were trapped in it (Figures 3W and 3X). On
he basis of these data, we propose that ZmSGO1 is
equired for maintenance of centromeric cohesion be-
ore prophase II and correct segregation of chromatids
uring meiosis II.
mSGO1 Recruitment Requires AFD1/ZmREC8
o investigate the relationships between sister chroma-
id cohesion (SCC) and the control of recruitment of
mSGO1 to the chromosomes, we immunolocalized
mSGO1 in different maize mutants impaired in synap-
is and/or cohesion. The dsy9906 mutant exhibits se-
erely deficient synapsis at pachytene, has univalents
nstead of bivalents at diakinesis, and displays misseg-
egation of chromosomes at anaphase I as a result
f an inability to align at the metaphase plate [28, 29].
owever, centromeric cohesion is maintained. In
sy9906, ZmSGO1 was still localized to centromeres
rom leptotene until metaphase I. As a result of the
resence of univalents instead of bivalents, we could
ount more than ten foci from zygotene to diakinesis
Figure 4A). These observations suggest that tension
ue to bipolar chromosome attachment to the spindle
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951Figure 3. Chromosome Behavior in the Wild-
Type and zmsgo1-1 during Meiosis
(A–F) FISH analysis of prophase I meiocytes
in the wild-type (A–C) and zmsgo1-1 (D–F).
(A, D) At zygotene, telomere cluster (green)
and elongated centromeres (blue) are
shown. (B, E) Paired 5S rRNA loci (blue) are
shown. (C, F) Exposed centromeres (green)
on a normal metaphase I plate are shown.
(G–I) Homologous synapsis monitored by
TEM in the wild-type (G) and zmsgo1-1 (H, I).
(J–T) FISH analysis of meiocytes after meta-
phase I in the wild-type (J–M) and zmsgo1-1
(N–T). (J) shows late anaphase I; (K) shows
telophase I, centromere FISH signal in green,
5S rRNA locus in blue; (L) shows chro-
mosome from a prophase II meiocyte, cen-
tromere FISH signal in green; (M) shows
anaphase II; (N) shows late anaphase I, cen-
tromeres in green, 5S rRNA locus in blue; (O)
shows telophase I, centromere FISH signal
in green, 5S rRNA locus in blue; (P) shows
prophase II; (Q) shows prometaphase II, cen-
tromere FISH signal in green, 5S rRNA locus
in blue; (R) shows magnification of (Q); (S)
shows telophase II; and (T) shows telophase
II magnification of a chromatid blocked in
the phragmoplast, centromere FISH signal in
blue, telomere FISH signal in yellow.
(U–X) Alpha-tubulin immunolocalization in
zmsgo1-1. (U) shows metaphase II; (V) shows
magnification of (U); (W) shows a dense ar-
ray of microtubules forming the phrag-
moplast and visible as a black line in (X).
Scale bars represent 5 m except in (L, P, R,
T, and V), where scale bars represent 1 m,
and (I), where the scale bar represents 0.5
m. Thin white lines illustrate the position of
the present or future cell wall. Results are
representative of at least 25 meiocytes for
each stage, except for (G), where 10 pachy-
tene cells were studied.is not required for maintenance of ZmSGO1 at the cen-
tromeres.
Conversely, the afd1-1 mutant exhibits deficient syn-
apsis and an equational chromosome segregation at
anaphase I, including complete loss of sister chromatidcohesion [30]. To detect ZmSGO1 foci in afd1, we en-
hanced the signal intensity as shown by the high cyto-
plasmic background signal (Figure 4B). However, no
ZmSGO1 immunostaining was observed in afd1-1 (Fig-
ure 4B). Given that afd1 is a mutant in the maize rec8
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952Figure 4. Immunolocalization Analysis of
ZmSGO1 in Wild-Type, dsy9906, afd1-1, and
afd1-3 Meiocytes
Chromosomes stained with DAPI are in red,
and ZmSGO1 staining is green.
(A) Series of optical sections in a dsy9906
cell at diakinesis: Most of the 20 univalents
exhibit a ZmSGO1 focus.
(B) Wild-type and afd1 alleles at diplotene. In
the afd1-1 alleles, we enhanced the signal
to detect any signal on the chromosomes,
thereby increasing the background signal.
Scale bars represent 5 m. Results are rep-
resentative of at least 25 meiocytes.homolog, this suggests that ZmSGO1 recruitment re- s
tquires REC8-regulated SCC. To investigate further
whether ZmSGO1 loading is AFD1/ZmREC8 depen-
dent, we immunolocalized ZmSGO1 in afd1-3, a weak E
afd1 allele in which AFD1 protein level is very low but
Pnot null (I.G., O.H., D. Braun, R.M., and W.Z.C., unpub-
Tlished data). In afd1-3, ZmSGO1 foci were visible, al-
i
though their intensity was reduced compared to that of z
wild-type meiocytes (Figure 4B). These results strongly [
tsuggest that SGO1 localization in maize is dependent
Ton REC8. In contrast, Shugoshin recruitment has been
gshown to be rec8 independent in yeast and Drosophila,
v
and MEI-S332 assembles even onto unreplicated chro- m
matids [6, 31]. Because REC8 is present all along the
arms from leptotene, ZmSGO1 recruitment at the cen- F
tromere does not rely on AFD1/ZmREC8 only and could A
depend also on centromeric- and pericentromeric-spe- s
rcific proteins [18]. The presence of conserved regions
owithin the Shugoshin family has been previously pro-
bposed to be required for Shugoshin centromere local-
5
ization [31]. Although ZmSGO1 contains both con- s
served regions, the recruitment of ZmSGO1 to the f
Pcentromeres is different than for other Shugoshins,uggesting that regulation of Shugoshin’s recruitment
o chromosomes does not rely only on these regions.
xperimental Procedures
lant Material
he zmsgo1-1 recessive allele (formerly mtm99-31) was originally
solated in a Mutator population in 1999 [13]. We isolated
msgo1-2 with a reverse-genetics approach. The TUSC procedure
14, 15] was used to screen maize plants containing insertions of
he Mutator (Mu) transposable element within the zmsgo1 gene.
he inbred lines of maize A344 and the two zmsgo1 alleles were
rown for about six weeks under greenhouse conditions and har-
ested throughout the year. Because the two zmsgo1 alleles are
ale and female sterile, they were kept as a heterozygous stock.
ixation and Preparation of Meiocytes
nthers from preemerged tassels were fixed and stored as de-
cribed in [21]. Fixed anthers were then cut open at their tips to
elease the meiocytes into 100–200 l of buffer A. Ten microliters
f meiocytes suspended in meiocyte-buffer A were then transferred
y micropipetting onto a glass slide, and the immediate addition of
l activated acrylamide stock followed. The activated acrylamide
tock was made by the addition of 25 l 20% ammonium persul-
ate and 25 l 20% sodium sulfite to 500 l gel stock (15 mM
IPES-NaOH [pH 6.8], 80 mM KCl, 20 mM NaCl, 0.5 mM EGTA, 2
Plant Shugoshin
953mM EDTA, 0.15 mM spermine tetra HCl, 0.05 mM spermidine, 1
mM dithiothreitol, 0.3 M sorbitol, and 15% polyacrylamide [from a
30% 29:1 acrylamide:bis acrylamide stock]). The slides were
rocked and rotated for 15 s until the drops mixed, and a coverslip
(22 × 22 × 1 mm) was placed on top for 30 min and then removed
with a razor blade, leaving a thin pad of acrylamide with embedded
meiocytes attached to the slide.
Cytology
Staging criteria were as described previously [19–21]. A smear
acetocarmine technique was routinely used for confirming the
zmsgo1mutant phenotype in plants from zmsgo1 families that seg-
regated a male sterile phenotype. Immature tassels were fixed in
Farmer’s fixative (3:1 ratio of 95% ethanol to glacial acetic acid)
and stained with 2% acetocarmine, squashed, and observed with
a light microscope [22]. Images were generated by an Olympus
Qcolor3 camera with Qcapture software. FISH was performed as
described in [21]. The ZmSGO1 antibody was designed against the
last 15 amino acids of the protein (SynPep Corporation, Dublin,
California) and immunopurified (Strategic BioSolutions, Newark,
Delaware). The α-tubulin was raised against a hibiscus α-tubulin
and had been provided to us by Anne Sylvester and Richard Cyr.
The human CREST antibody has been described previously [17].
For both ZmSGO1 and α-tubulin immunostainings, we used a
donkey anti-rabbit IgG, F(ab’)2 fragment specific coupled with fluo-
rescein isothiocyanate (FITC) secondary antibody (Jackson Immu-
noresearch Lab, West Grove, Pennsylvania). For CREST immuno-
staining, we used a donkey anti-human IgG coupled with Cy5
secondary antibody (Jackson Immunoresearch Lab). The immuno-
staining was performed as described in [32] with the following
modifications: No donkey serum was used to block the samples,
and the ZmSGO1 serum (1/50 dilution) was not precleared. Three-
dimensional stacks of images were collected and analyzed as de-
scribed in [21], via deconvolution fluorescence light microscopy.
Supplemental Data
Supplemental Experimental Procedures and two figures are avail-
able with this article online at: http://www.curent-biology.com/cgi/
content/full/15/10/948/DC1/.
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